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EDDY CURRENT SENSOR CAPABLE OF SENSING 



THROUGH A CONDUCTIVE BARRIER 



CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority from co-pending provisional patent appli- 
cation serial number 60/222,203, filed August 1, 2000, by the inventor hereof, the en- 
tire disclosure of which is incorporated herein by reference. 

BACKGROUND 

Field of the Invention 

[0002] This invention is related to the field of eddy current sensors. More par- 
ticularly, this invention is related to an apparatus and method for measuring various 
parameters of moving, electrically conductive objects such as turbine blades, fan 
blades, and impeller, if necessary, through a casing, housing, or other barrier. 

Description of the Problem 

[0003] Eddy current sensors are known and widely used in a variety of applica- 
tions to measure characteristics of moving, electrically conductive objects. A common 
use of eddy current sensors is in fans and turbines, where the sensors are used to 
measure parameters related to blade status. Such parameters can include detection 
of blade passing or stalling, measurement of tip clearance for individual blades, and 
observation of bending, torsion, vibration, cracks, and foreign object impact The sen- 
sors generally work by creating a magnetic field through which the electrically conduc- 
tive, nonmagnetic blades pass, thereby inducing an eddy current in the blades. The 
eddy current causes there to be a change in the magnetic field as the blade passes by 
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the sensor, and a voltage is induced in a coil wound around a magnetically permeable 
core. The resulting electrical current pulses in the coil can be interpreted based on 
their size and shape to describe the blade characteristics. 

[0004] There are two types of known eddy current sensors. The first, and most 
common, uses an alternating excitation current to generate an alternating magnetic 
field. The second uses a permanent magnet or magnets to generate a static magnetic 
field. Most often the magnets are shaped to form legs and resemble either a U or E. 
with the legs joined by a transverse flux bridge, creating a circuitous path for the mag- 
netic field. In alternating magnetic field sensors, such as that shown in U.S. Patent 
No. 5,942,893 to Terpay, the direction of the windings is selected to produce the de- 
sired relative field directions. In static field sensors, the orientation of permanent mag- 
net poles determines the field directions, as shown in U.S. Patent No. 3,932,813 to 
Gallant. 

[0005] The blades to be measured are typically enclosed in a casing. Known 
magnetic sensor designs are either placed inside the casing or within holes in the 
casing so that the magnetic field does not have to pass through the casing in order to 
interact with the blades. Holes in the casing are undesirable because of resulting de- 
graded mechanical performance, which is an increasing concern when there are mul- 
tiple adjacent sensors as required to monitor blade vibration. Placing the sensor 
inside the casing is undesirable because of the expense of special modifications that 
must be made to create a recessed area outside of the blade path to accommodate 
the sensor. Both locations expose the sensors to an abusive environment that can in- 
clude high temperature, corrosive gases, vibration, and blade contact. Internal sen- 
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sors generate noisy signals and are expensive to build. Alternating current driven 
magnetic fields do not go through conductive casing materials at the high frequencies 
used and require substantial electronics and power to excite them and to filter and 
process the noisy signals generated in order to extract measurements. Such fields 
also generally lack the range required to function adequately outside a casing. 

[0006] Known sensors, therefore, are generally inadequate to be mounted ex- 
ternal to casings. Alternating magnetic fields do not penetrate the casing as well as 
static fields do. Known static field sensors, however, have inadequate strength and 
inappropriate geometry to generate an adequate magnetic field to penetrate casings. 
For example, the sensor disclosed in U.S. Patent No. 3,932,813 is shown mounted in- 
side a fan housing and has an E-shaped magnet with the poles quite close to each 
other. Its sensing coils are opposed and produce a difference signal in order to cancel 
noise and DC offset. This geometry limits that sensor's range severely and would be 
inappropriate for an external sensor. 

[0007] Accordingly, there is a need to avoid the expense of internal eddy current 
sensors and the associated environmental and performance problems, while generat- 
ing an adequate magnetic field to penetrate a casing and interact with the blades or 
other moving, electrically conductive parts. 



SUMMARY 

[0008] The present invention is directed to an eddy current sensor that can be 
mounted on the outside of a casing for a turbine or other rotating machinery to meas- 
ure characteristics of nearby, moving, electrically conductive objects. One or more 
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sensors generate static magnetic fields using high-strength permanent magnets, and 
accordingly, no excitation current is required to create the magnetic field. With the 
present invention, moderate-frequency eddy currents are induced in passing blades, 
and the resultant magnetic field disturbance is sensed and analyzed for blade status 
information based on the electrical current in a sensing coil. As opposed to known 
sensors, because the field created by the present invention is high-strength and static, 
it can penetrate the casing of an engine effectively, allowing the sensor to be placed 
outside of the casing. The returning time-varying fields from eddy currents are attenu- 
ated by the conductive casing in a predictable fashion (e.g., 4 dB/octave for 1.9 mm 
(76 mils) of titanium) that is compensated in subsequent digital signal processing 
steps. 

[0009] The present invention includes two classes of sensors: monodirectional 
sensors and omnidirectional sensors. The present invention comprises a uniaxial 
permanent magnet for generating a stationary magnetic field, a winding core that is a 
magnetically permeable material coaxial with the magnet, and a coil wound around the 
winding core. The magnet is sized and shaped so that the moving conductive object 
can intersect the stationary magnetic field. A signal voltage can be produced on the 
coil in response to a variable magnetic field caused by eddy currents in the conductive 
object as the conductive object passes through the stationary magnetic field. 

[0010] A monodirectional embodiment of the invention is provided wherein the 
magnet is also the winding core. The magnet is generally rectangular in cross-section, 
has a greatest dimension of length, and is magnetized along one of its two minor axes, 
resulting in a monodirectional sensor. 
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[001 1] An omnidirectional embodiment of the invention is provided wherein the 
magnet is generally cylindrical and is magnetized along its longitudinal axis. The 
winding core may be, for example: a cylindrical rod mounted to a pole of the cylindrical 
magnet distal from the moving conductive object; the cylindrical magnet itself; or com- 
5 bination of a cylindrical rod mounted to a pole of the cylindrical magnet and the cylin- 
drical magnet. 

[0012] The sensors of the present invention are further directed to monodirec- 
tional and omnidirectional sensors for measuring characteristics of a nearby, moving, 
. electrically conductive object through an intervening barrier of material between the 



Q adequate sensor performance, for example, resulting from barriers that are too thick 
nj for alternating field to penetrate, or metal barriers that relatively high-frequency fields 
cannot penetrate. The longitudinal axis of the rectangular magnet of a monodirec- 



tional embodiment of the present invention is generally parallel to the proximate barrier 



ment is generally perpendicular to the barrier surface. Each respective orientation re- 
sults in a magnetic field that is generally perpendicular to the barrier surface. 

[0013] The present invention sensors are yet further directed to measuring 
characterisfics of turbine blades through jet engine casings. Examples of permanent 
20 type magnets include rare earth, ceramic, or ainico, all of which are high-strength and 
generate a large magnetic field through which the blades pass. Methods for sensing 
blade characteristics are also provided according to the present invention. 




sensor and the object. Some barriers cause alternating magnetic fields to provide in- 




surface. The longitudinal axis of the cylindrical magnet of an omnidirectional embodi- 
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[0014] Features and advantages of the present invention will become more ap- 
parent in light of the following detailed description of some embodiments thereof, as 
illustrated in the accompanying figures. As will be realized, the invention is capable of 
modifications in various respects, all without departing from the invention. Accord- 
5 ingly, the drawings and the description are to be regarded as illustrative in nature, and 
not as restrictive. 



li t s 



m 
M 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 is a schematic elevation view of the present invention in one ap- 
plication. 

[0016] FIG. 2 is the same elevation view as FIG. 1 , after time has elapsed. 
[0017] FIG. 3 is a perspective view of one embodiment of the present invention. 
[0018] FIG. 4 is a perspective view of another embodiment of the present inven- 
tion. 

rp [0019] FIG. 5 is a schematic elevation view of the embodiment of FIG. 3 in an 
application. 

[0020] FIG. 6 is a schematic elevation view of the embodiment of FIG. 4 in an 
application. 

[0021] FIG. 7 is an exemplary waveform of a signal generated by the 
20 embodiment of the present invention shown in FIGS. 3 and 5. 

[0022] FIG. 8 is an exemplary waveform of a signal generated by the embodi- 
ment of the present invention shown in FIGS. 4 and 6. 
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DETAILED DESCRIPTION OF ONE OR MORE EMBODIMENTS 

[0023] The present invention is directed to an external eddy current sensor that 
uses a permanent magnet to generate a static magnetic field. FIG. 1 shows one con- 
figuration for use of the present invention, with sensor assembly 10 mounted on a 
nonferrous engine casing 12 with a blade 14 rotating 16. A thin nonmagnetic, non- 
conductive material layer 18 is shown that is normally used in gas turbines for pre- 
venting damage to the blade as the result of accidental contact with the casing 12. 
The sensor 20 itself includes a very strong magnet that generates a large static mag- 
netic field 22, and wire sensing coils 24. A housing 26, shown cut away to expose the 
sensor 20, may encase the sensor 20. 

[0024] It should be understood that the scale of FIG. 1 and similar figures is 
quite distorted since the casing 12 is typically 1.2 to 2.5 mm (50 to 100 mils) thick, 
while sensor 20 dimensions are in the magnitude of 6 to 25 mm (% to 1 inch). In addi- 
tion, specific terms such as "casing" and "blades" are used for the purpose of describ- 
ing the invention and its use, but should not be considered to limit the invention's 
scope. For example, although the term casing is used herein to describe material 
between the sensor and the component being detected, it should be understood that 
the casing could be a housing, a sheet of material, or any similar barrier, and that the 
thickness of such materials may vary. 

[0025] The magnet in the sensor 20 generates a large static magnetic field 22, 
preferably in the magnitude of 12 to 25 mm (V^ to 1-inch) range, through which blades 
14 pass at high speed. This range is usually adequate, but a larger range generally 
may be achieved by use of bigger sensors. The motion of the blades 14 through the 
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magnetic field 22 generates temporary eddy currents in the blade tips, which in turn 
generate moving magnetic fields that disturb the static magnetic field 22, as shown in 
FIG. 2. The sensing coils 24 for detecting the moving fields are wound around either 
the original magnet, associated shapes of high permeability material, or both, which as 
5 applicable are individually or in combination referred to as a winding core. Orientation 
of the sensing coils 24 varies in some embodiments of the invention from that shown 
in FIG. 1. The moving magnetic fields produce electrical pulses in the coils 24 and 
pass through the coil 24 wire ends 28 and through a known signal processor 30. The 
size, shape, and timing of the pulses yield information about the blades 14. 

^ [0026] In passing through the casing 12 to sensing coils 24, the moving mag- 

p 

!y netic fields are partially attenuated and delayed, but at the frequencies involved (tens 

P 

fl of KHz) this effect can be compensated by standard signal processing methods known 

,/ to one of ordinary skill in the art. In fact, the frequency dependent attenuation tends to 

Q 

0 moderate the dependence of pulse size on blade 14 tip speed. The pulses are con- 

6 

1*5 verted in the processor 30 to digital samples at high speed, screened for peaks, zero 
crossings, and other useful features, and then processed to extract blade information. 

[0027] The present invention includes two classes of sensors that can be 
mounted outside of a casing of, for example, a jet engine. Embodiments of each of 
these classes of sensors are shown in FIGS. 3 and 4. Monodirectional sensors 20a 

20 (FIG. 3) must be aligned on the casing to take account of the angle of tilt and direction 
of motion of the turbine blades 14. Omnidirectional sensors 20b (FIG. 4) are symmet- 
ric about an axis nomial to the casing and need not be aligned with the blade 14. 
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[0028] The geometry of the sensor is important to establishing the range of the 
stationary magnetic field used to excite eddy currents. The external sensor may be, 
for example, as much as 12 mm (y2-inch) or more away from the blades. Typically, the 
field range varies with the dimensions of the magnet. Specifically, for a circular mag- 
5 net that is thin along the direction of magnetization (the typical case for rare earth 
types) with a radius of R, length L with L being much less than R, and residual induc- 
tion of the material Br, the field/(magnet volume) at the centerline of the magnet a dis- 
tance X from the surface of a pole is approximately: 

FieldA/olume = Br/27t(R^ + X^f^. 
Thus the field begins to decrease rapidly when X is comparable to R (its range) and 



eventually decays as the inverse cube oiX/R, like any dipole field. 

[0029] The monodirectional sensor 20a in FIG. 3 comprises a rectangular bar 
permanent magnet 32 with a sensing coil 24 wound around it. The rectangular bar 
01 magnet 32 generally has a greatest dimension of length, and its central longitudinal, or 
major, axis is generally parallel to the proximate casing 12 surface. The magnet 32 is 
^ magnetized along one of its short, or minor, axes (perpendicular to the longitudinal 
axis and generally parallel to respective sides of the magnet 32) and the resulting sen- 
sor 20a is highly directional. In general, the range of this type of sensor may be esti- 
mated as approximately the square root of the area of its largest face extending 
20 perpendicularly from the casing 12. 

[0030] The wire of the coil 24 may be any electrically conductive wire with a 
coating of insulation as commonly used in electromagnets and other electronics, for 
example, 36 gauge copper wire. The insulation on the wire is commonly nylon, and 
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double thickness nylon is available that helps assure integrity. An additional insulator 
such as liquid acetate compound nnay be applied between layers of wire winding, but 



tape made from polytetrafluoroethylene (PTFE, marketed as TEFLON, a registered 



trademark of E.I. duPont de Nemours and Company) is preferable. The scope of the 



5 invention is not intended to be limited by the materials or dimensions listed herein, but 



may be carried out using any materials and dimensions that allow the construction and 
operation of the sensor as readily known by one of ordinary skill in the art. 

[0031] FIG. 5 shows an application of a monodirectional sensor 20a. The mag- 
netic field is perpendicular to the casing 12, and a central axis through the coil 24 is 
parallel to the casing 12. 
|| [0032] The omnidirectional sensor 20b in FIG. 4 is axisymmetric, and comprises 

|j a cylindrical magnet 42, a cylindrical magnetically permeable rod 44, and a coil 24 
^ wound around the rod 44. The rod 44 is preferably a ferrite material, but may be a 

h 

03 magnet itself. The magnet 42 can be attached to the rod 44 using an adhesive suit- 

m 

Ws able for the application. The rod 44 moves one pole of the magnet 42 farther from the 

m 

H other to increase the field range, and is also a convenient place to wind the sensing 



coil 24. In general, the range of this type of sensor 20b may be estimated to be ap- 



proximately the same as the distance between the magnet 42 surface proximate to the 
casing and the distal end of the rod 44. The wire of the coil 24 is similar to that de- 



20 scribed for the monodirectional sensor 20a. 



[0033] FIG. 6 shows an application of an omnidirectional sensor 20b, The 



magnetic field 22 and a central axis through the coil 24 are each perpendicular to the 



casing 12. 
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[0034] The main difference between the two embodiments 20a, 20b is the type 
of pulse shapes produced, depicted in general with volts plotted versus time in FIGS. 7 
and 8. Monodirectional sensors produce S-shaped pulses as shown in FIG. 7, with a 
zero-crossing at point A approximately at the time of closest approach of the blade. 
Omnidirectional sensors exhibit a tall central peak at closest approach as shown in 
FIG. 8 at point B. Thus measurement capabilities and signal processing requirements 
differ somewhat in the two cases. Other geometries are possible, such as several 
sensors sharing a single strong magnet to reduce spacing between them. The selec- 
tion of geometry varies with the desired application; for example, the choice may be 
driven by the value of fitting multiple sensors close together in one housing to reduce 
cost, monitor several points along the chord of each blade, or measure blade speed 
based on time of flight between sensors. 

[0035] Testing was performed on the two embodiments 20a, 2Qb shown in 
FIGS. 3 and 4 respectively. The test configurations resembled FIGS. 5 and 6 except 
the sensors were mounted behind a flat sheet of 1.9 mm (76 mil) grade 2 titanium in- 
stead of a curved sheet (casing 12) shown in the figures. A tested monodirectional 
sensor 20a had magnetic bar 32 dimensions approximately as follows: 19 mm (3/4- 
inch) length, and a square cross-section of 6 mm (1/4-inch). A tested omnidirectional 
sensor 20b had dimensions approximately as follows: magnet 42 diameter of 13 mm 
(1/2-inch) and length of 6 mm (1/4-inch); rod 44 diameter of 6 mm (1/4-inch) and 
length of 17 mm (1 1/16-inch). 

[0036] Typical measured pulses in the tests were a few volts into 210 ohms at 
10,000 RPM, with a tip clearance of 1.5 mm (61 mils) plus the 1.9 mm (76 mil) titanium 
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sheet to simulate a jet engine casing. Associated sensor electronics were not used; 
output of coils went straight to recording devices for later analysis. Rare earth mag- 
nets were used in the tested embodiments. 

[0037] Magnet material selection varies with the application. Rare earth mag- 
nets are the most powerful permanent magnets, and include those made of Nd-Fe-B 
(Neodymium-lron-Boron). The testing was performed with Nd-Fe-B magnets, which 
are readily obtained, inexpensive, and the highest strength. Nd-Fe-B magnets, how- 
ever, have a poor temperature range and are apt to corrode. Samarium-Cobalt (Sm- 
Co) magnets are weaker, have somewhat better temperature limits, and do not cor- 
rode, but cost more and are harder to obtain. Both of these magnets are valued in 
motors and loudspeakers for their high coercive force, but this is unlikely to be an is- 
sue in a use such as that in FIGS. 1 and 2 since in general no other strong magnetic 
field or current is present AInico (Aluminum-Nickel-Cobalt) magnets have poor coer- 
cive force and are difficult to machine, but have a superior temperature range that 
makes them the best choice for jet engine applications. Since pulse signal size scales 
proportionally to field strength, strong excitation magnets are desirable, but depending 
on the application any of the above types may be suitable. 

[0038] External sensors can be thermally and mechanically isolated from envi- 
ronmental stress, thereby extending their useful lives. They are inexpensive and easy 
to install; a few can share a single housing to monitor blade motion and reduce the 
cost of connectors and mounting. They are stable, passive devices that generate 
pulses from the energy of the blade motion alone, that with appropriate cabling and 
shielding and a low impedance load produce clean signals with little noise and no 
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need for an excitation current to create the magnetic field. No holes in casings or ex- 
pensive modifications to accommodate sensors inside the casings are required; simple 
silicone-based adhesive may be adequate for temporary installations. 

[0039] Specific embodiments of an invention are described herein. One of ordi- 
5 nary skill in the electronics arts will quickly recognize that the invention has other ap- 
plications in other environments. In fact, many embodiments and implementations are 
possible. For example, although there are substantial benefits available by use of the 
invention to sense eddy currents through a barrier, the present invention can also be 
used when there are no intervening barriers. The following claims are in no way in- 

^^S) tended to limit the scope of the invention to the specific embodiments described 

S| above. 

m 



m 



Satis 
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